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The Control of Mammalian DNA Minireview
Replication: A Brief History
of Space and Timing
tion complex is partially disassembled with the release
of Cdc6 and Mcm proteins, preventing reinitiation of
DNA replication until the next cell cycle. The association
of an intact yeast ORC with origins throughout the cell
cycle suggests that the first regulated step in prereplica-
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Because of similarities in structure and function of
ORC and other replication proteins, models of metazoan
replication are based in large part on the yeast model.
Replication of the eukaryotic genome initiates at specific However, recent experiments demonstrate that in con-
locations, termed origins, and progresses in a defined trast to yeast, mammalian ORC is not a constitutive
temporal order during S phase of the cell cycle. In higher chromatin-bound complex, but rather partially disas-
eukaryotes our understanding of how origins are se- sembles during the cell cycle. The first hint of this came
lected, and how replication timing is controlled, is far from the observation that the initiation of replication
from complete. Recent experiments using a system that at specific origins in mammalian nuclei is a property
involves the incubation of intact mammalian nuclei in acquired during the preceding G1 phase (references in
replication-competent Xenopus egg extracts have re- Gilbert, 1998). In this experiment, when nuclei isolated
vealed roles for nuclear organization in origin selection, from early G1 phase Chinese hamster ovary (CHO) cells
differences in the mechanism of origin specification be- were incubated in Xenopus replication extract, the ham-
tween mammals and yeast, and an intriguing correlation ster dihydrofolate reductase (DHFR) locus replicated
between the repositioning of chromosomal domains without apparent initiation site preference. In contrast,
after mitosis and the programming of replicating timing. in nuclei isolated at least 3–4 hr after metaphase, the
Interestingly, these experiments have also shown that DHFR locus replicated from the same specific origin
the specification of origins and programming of replica- (ori-b) used by hamster cells in culture. The point during
tion timing during S phase are independent events that G1 at which origin specificity is acquired was termed the
occur during the preceding G1 phase. origin decision point (ODP; Figure 1). Immunodepletion
Orc Proteins and the Origin Decision Point experiments revealed that at the ODP, replication in
Biochemical analyses of known origins in higher eukary- CHO nuclei ceases to be dependent on Xenopus Orc
otes have revealed common sequence and structural proteins in the extract (Natale et al., 2000), suggesting
features such as DNA unwinding elements, binding sites that the ODP reflects the appearance of functional ham-
for replication proteins and transcription factors, and ster ORCs. This is not due to differential expression of
sites of attachment to the nuclear matrix/scaffold. More- either of two hamster Orc proteins examined: Orc1 and
over, genetic analyses have demonstrated that a dis- Orc2 are expressed at similar, constant levels during M
crete DNA segment containing an origin is necessary, and G1. However, in contrast to Orc2, which is stably
and in some chromosomal contexts sufficient, for origin associated with chromatin during M and G1, the affinity
activity, and that sequences far from an origin can influ- of Orc1 binding to chromatin was found to vary from
ence origin activity (Aladjem et al., 1998 and Cimbora low during mitosis and early G1 to high in mid-G1. The
et al., 2000 and references therein). However, we are stable association of Orc1 with chromatin coincides
still far from understanding how such elements specify temporally with the ODP, suggesting that origin specifi-
an initiation site within a chromosomal context. Recent cation in hamster nuclei is due, at least in part, to the
experiments have begun to unravel the biochemical assembly of an intact ORC at origins.
The dynamic behavior of ORC evident in hamster nu-events that lead to origin selection, and suggest that
clei seems to be a general phenomenon in mammals.epigenetic factors such as chromatin structure can influ-
In human cells, Orc1 is released from chromatin duringence origin choice.
a subset of the cell cycle while the bulk of Orc2 remainsAccording to current models of replication in yeast,
bound to chromatin (Kreitz et al., 2000), although therethe origin recognition complex (ORC), composed of six
are conflicting reports regarding human Orc1 behaviorconserved Orc proteins, associates with DNA in a se-
in the literature. In addition, in vivo footprinting revealsquence-specific manner throughout the cell cycle (refer-
the presence of an ORC-like complex bound to the hu-ences in Mizushima et al., 2000). During G1 phase, ORC
man lamin B2 origin during G1 but not mitosis (Abdura-recruits other factors including Cdc6 and the Mcm pro-
shidova et al., 1998). Furthermore, ORC behavior is notteins to form a prereplication complex. Initiation of repli-
the only difference between mammals and yeast: recentcation is then triggered by the association of additional
experiments with elutriated human cells demonstratefactors and cyclin-dependent kinase (CDK) activity at
that a significant fraction of Cdc6 protein associatesthe G1/S transition. Upon S phase entry, the prereplica-
with chromatin throughout the cell cycle, in contrast to
the regulated dissociation of yeast Cdc6 from prerepli-
cation complexes during S phase (Mendez and Stillman,‡ To whom correspondence should be addressed (e-mail: markg@
2000). Together, these results suggest a model for mam-fhcrc.org).
§ Present address: Myriad Genetics, Inc., Salt Lake City, Utah 84108. malian origin specification in which Orc2 and Cdc6 re-
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A Role for the Nuclear Envelope in Origin Selection
Disrupting nuclear integrity has been shown to abolish
origin specificity in late G1 (post-ODP) CHO nuclei: per-
meabilization in such a way that nuclei are unable to
exclude large molecules results in replication of the
DHFR locus without a preferred initiation site (references
in Gilbert, 1998). This likely reflects a requirement for
an intact nuclear envelope in restricting the access of
Xenopus factors (perhaps ORC, which is highly abun-
dant in egg extracts) to chromatin. Studies in Xenopus
embryos at the mid-blastula transition (MBT) reveal a
Figure 1. Events during G1 Phase of the Cell Cycle Contribute to progressive shift from promiscuous, high frequency ori-
Origin Specification and Replication Timing in the Following S Phase gins to widely spaced, defined origins as the number of
Replication timing is programmed at the temporal decision point nuclei increases. The necessity for regulating the intra-
(TDP), coincident with repositioning of chromosomal domains fol-
nuclear concentration of critical factors is revealed bylowing mitosis. Nuclei acquire the ability to recognize specific origins
experiments showing a requirement for the nuclear en-at the origin decision point (ODP), which can be attributed, at least
velope and a direct relationship between the origin spac-in part, to the binding of Orc1 to origins, generating a functional
ORC. The TDP and ODP precede the restriction (R) point, at which ing and the concentration of nuclei in Xenopus extracts
entry into S phase becomes independent of growth conditions. (references in Walter et al., 1998). Similarly, the concen-
tration of CHO nuclei in Xenopus extract has an effect
on the preference for DHFR ori-b, with maximal use of
ori-b at a concentration of nuclei similar to that foundmain associated with origins throughout the cell cycle,
at the MBT (Dimitrova and Gilbert, 1998). More recentlywhile Orc1 cycles on and off chromatin (Figure 2). Other
it has been shown that a single round of replication canOrc proteins may remain associated with Orc2 on chro-
occur in vitro in the absence of nuclear structure by thematin, or may dissociate along with Orc1. The selection
sequential addition of Xenopus cytoplasmic extract andof sites for ORC assembly during G1 may be influenced
a nucleoplasmic extract of sufficiently high concentra-by Cdc6, as it has recently been shown that yeast Cdc6
tion (Walter et al., 1998). Taken together, these resultsinhibits nonspecific DNA binding of yeast ORC in vitro
suggest that the role of the nuclear envelope is to main-(Mizushima et al., 2000). The partial disassembly and
tain a low enough concentration of factors (perhapsreassembly of mammalian ORC during the cell cycle is
ORC) in the nucleus to prevent nonspecific binding toa potential control step not evident in yeast, providing
chromatin, while maintaining a sufficiently high concen-an opportunity to vary origin choice from one cell cycle
tration of other nuclear factors to ensure efficient activa-to the next. Origin usage in metazoans is dynamic, un-
tion of prereplication complexes and their disassemblydergoing changes during embryonic development, upon
from chromatin after initiation.alteration of gene activity or chromatin structure, and
Chromatin Structure and Origin Choiceduring gametogenesis. Regulating the assembly of an
Chromatin structure appears to play a role in origin se-intact ORC at specific chromosomal sites is one mecha-
lection. The transition to specific origins at the Xenopusnism by which these changes in origin use might occur.
MBT is accompanied by a variety of changes including
the onset of zygotic transcription, changes in chromatin
structure, and changes in the attachment of chroma-
tin to the nucleoskeleton. Although it has long been
observed that nascent DNA is associated with the
nucleoskeleton and that matrix/scaffold attachment
sites are often found near replication origins, changes
in nucleoskeletal attachment have been ruled out as a
determinant of origin specificity at the MBT (Maric and
Hyrien, 1998). In contrast, altered histone H4 acetylation
and the incorporation of histone H1 into chromatin at
the MBT suggest a relationship between chromatin
structure and origin selection; this relationship is sup-
ported by recent experiments demonstrating that his-
tone H1 has a direct inhibitory effect on the assembly of
prereplication complexes on Xenopus sperm chromatin
(Lu et al., 1998 and references therein). Furthermore,
when condensed metaphase chromosomes from ham-
ster cells are added to Xenopus extracts, the DHFR
locus is replicated from a novel origin, and activity of this
Figure 2. Model for Origin Selection and Prereplication Complex novel origin is dependent on topoisomerase II–mediated
Assembly during G1 in Mammalian Nuclei
chromatin condensation (references in Gilbert, 1998).
Orc2 (and perhaps other Orc proteins) and Cdc6 are bound to chro-
Likewise, in yeast, an origin that is not normally activematin throughout the cell cycle. At the ODP, Orc1 and perhaps
becomes active when the silent chromatin componentother Orcs bind to form an intact ORC. Mcm proteins and additional
Sir3 is mutated (Stevenson and Gottschling, 1999). Co-factors are recruited, and CDK activity triggers replication initiation
at S phase. valent modifications of DNA also appear to play a role
Minireview
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Figure 3. Once the TDP Is Reached, Chro-
mosomal Domains Replicate with Appro-
priate Timing
In pre-TDP nuclei, chromosomal domains
have not yet been repositioned, and early-
and late-replicating domains in vitro are ran-
domly distrubuted with respect to early and
late replication domains labeled during the
preceding cell cycle in vivo. In post-TDP nu-
clei, sites of early and late replication in vitro
spatially coincide with previously labeled ear-
ly- and late-replicating domains, respectively.
in origin activity, as the methylation status of sequences genes relative to this compartment, suggest that nuclear
position and the local protein environment of a chromo-at DHFR ori-b correlates with origin activity in hamster
cells (references in Gilbert, 1998). Taken together, these somal domain are determinants of gene activity (Fran-
castel et al., 1999 and references therein). Similarly,observations point to a role for chromatin structure in
determining sites of replication initiation in eukaryotes, early- and late-replicating sequences occupy distinct
nuclear positions during S phase, suggesting that nu-perhaps by restricting the access of Orc proteins to
certain chromosomal sites. The observations that tran- clear position may dictate replication timing. This notion
is further supported by the recent demonstration thatscriptional control elements are often found near origins
and that transcription factors can stimulate origin activ- replication timing of chromosomal domains in CHO nu-
clei is determined during early G1 at the same time thatity have led to the suggestion that transcription per se
may play a role in origin specification. However, the these domains are repositioned in the nucleus following
mitosis. This step, termed the temporal decision pointability of transcription factors to recruit histone deacety-
lase activity and chromatin remodeling factors is com- (TDP), is analogous to the origin decision point (ODP)
but rather than marking the acquisition of origin specific-patible with an indirect role for transcription, mediated
by chromatin structure. In contrast to the role of chroma- ity, the TDP marks the acquisition of the replication
timing program.tin structure in specifying origin activity suggested by
the previous examples, activity of the human b-globin The existence of the TDP was demonstrated by an ele-
gant series of experiments using CHO nuclei in Xenopusorigin does not vary with global changes in chromatin
structure in the b-globin gene cluster or b-globin gene extracts (Dimitrova and Gilbert, 1999). Early-replicating
sequences in CHO nuclei are distributed throughout thetranscription in different cell types (Cimbora et al., 2000
and references therein). It is possible that the assays euchromatic regions of the nucleus, while later-replicat-
ing sequences are located at the nuclear periphery andused to analyze locus-wide chromatin structure
(nuclease sensitivity and histone acetylation) may not perinucleolar regions; similar patterns are observed in
hamster cells and other mammalian cell lines. Gilbertaccurately reflect altered states of chromatin in the im-
mediate vicinity of the origin, and further investigation and colleagues isolated CHO nuclei at various points in
G1 and compared the distribution of early- and late-of the structure of chromatin near the b-globin origin in
different cell types will be required to resolve this issue. replicating domains in the subsequent S phase in Xeno-
pus extract (in vitro) to early- and late-replicating do-Taken together, these results suggest that chromatin
structure can affect origin choice, but this relationship mains labeled independently during the previous S
phase in hamster cells (in vivo). In nuclei isolated at leastis likely to be complex and may vary from locus to locus.
Replication Timing and Nuclear Repositioning 2 hr after metaphase, early- and late-replicating domains
are appropriately distributed. In contrast, nuclei isolatedChromosomal domains replicate at characteristic times
during S phase that often correlate with gene activity: only 1 hr after metaphase replicate DNA, but the distribu-
tion of early and late replication domains appears ran-active loci typically replicate early in S phase and inac-
tive loci replicate later. It is not yet clear whether gene dom with respect to previously labeled early- and late-
replicating sequences (Figure 3). These observationsactivity is influenced by replication timing, or whether
replication timing is a consequence of gene activity, but were confirmed by the molecular analysis of specific
loci with known replication timing: the proper temporalthese possibilities are not mutually exclusive. One factor
that may influence both gene activity and replication order of replication was observed only in nuclei isolated
after the TDP. Thus, replication timing is programmedtiming is position within the nucleus. The colocalization
of inactive genes with Ikaros and HP1 proteins near in CHO nuclei between 1 and 2 hr after metaphase.
Further experiments demonstrate that nuclei that havecentromeric heterochromatin in interphase nuclei, and
the dynamic repositioning of active versus inactive reached the TDP have not yet acquired the ability to
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recognize DHFR ori-b, indicating that the TDP and ODP caution when extrapolating results from one organism
are independent events. Furthermore, both the ODP and or experimental system to another. The identification of
the TDP precede the restriction (R) point, a late G1 con- further similarities and the reconciliation of differences
trol point after which cells are committed to S phase among these diverse systems will be important for refin-
entry independent of growth conditions (Figure 1; refer- ing models of replication control in higher eukaryotes.
ences in Gilbert, 1998).
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Conclusion and Outlook
The existence of G1 steps at which origin choice and
replication timing are programmed in mammalian nuclei
was demonstrated using a heterologous system based
on Xenopus extracts. In this system, the origin decision
point correlates with ORC assembly on chromatin, and
the temporal decision point coincides with the postmi-
totic repositioning of chromosomal domains in the nu-
cleus. It is likely that these control steps identified in
vitro reflect regulatory events in living cells. However,
although we do not yet have a complete picture, poten-
tial differences among metazoan replication control
mechanisms are already apparent. For example, the
number and spatial arrangement of replication foci dif-
fers between mammalian primary cells and cell lines
(Kennedy et al., 2000), and different profiles of Orc pro-
tein expression during the cell cycle are evident among
metazoans (Natale et al., 2000 and references therein),
suggesting different replication control mechanisms
may exist. These differences emphasize the need for
